Abstract. Intercellular signal transfer via gap junction pores in cultured multicell spheroids of BICR/M1R-K cells decreases with increasing spheroid age. In two days old spheroids the pores allow passage of Lucifer yellow molecules. Two days later, this fluorescent dye is retained in the injected cell even though the cells are still electrically coupled. Gap junction plaques of considerable size are still found in 9 days old spheroids, when the cells are completely uncoupled. The same cells growing as monolayer cultures do not exhibit such a gradual closing of their gap junction pores: Their coupling is established at first cell contact, probably by a gradual opening of the pores, which remain open even up to 9 days in culture.
Introduction
Cells of organs and tissues are often linked by gap junction pores. In the case of mammalian cells the pore diameter is about 1.4 nm (Loewenstein 1979) and enables an intercellular signal transfer with molecules up to a molecular weight of 900 d (Flagg-Newton et al. 1979) . Neither the nature of the transmitted message nor its carrier has been identified, however, several possible mechanisms are described, e.g., a gradient of morphogenetic substances (Schaller and Bodenmtiller 1981) or oscillating electrical signals (Htilser and Lauterwasser 1982) . The regulation of growth and differentiation during embryogenesis is associated with variations of the gap junction permeability and structure as already demonstrated in mammals (Lo and Gilula 1979a and b) , amphibians (Ito and Ikematsu 1980; Bennett et al. 1981) , and insects (Weir and Lo 1982) .
It is questionable whether an endogenous regulation of the gap junction permeability is active in two-dimensionally growing cell monolayers in culture.
* Based on material presented at the Symposium "Intercellular Communication" Stuttgart, September 16-17, 1982 A coupling competent cell culture develops gap junctions shortly after the first cell contact and remains in this coupled state within a wide range of temperature and pH, whereas coupling incompetent cell cultures remain in their uncoupled state (Hfilser and Webb 1973) . We now present evidence that, as for cells during embryogenesis, a regulatory function of gap junctions is established when coupling competent cells are allowed to form three-dimensional multicell spheroids.
Materials and Methods

Cell Cultures
BICR/M1R-K cells, a strain originating from a transplantable mammary tumor of the Marshall rat, were cultured at 37 ~ C in a modified (Frank et al. 1972) Eagle-Dulbecco medium with 5% calf serum. Monolayer cultures in plastic petri dishes (Greiner) were regulated at pH 7.2 with an atmosphere of 5% CO 2 in air. Spheroid cultures in glass spinner flasks on magnetic stirrers were agitated by 180 rotations/min in a HEPES-buffered (30 raM) modified Eagle-Dulbecco medium.
Cells were fused by treating almost confluent monolayers with 40% (w/w) polyethylene glycol (MW 1540, Koch Light) for about 2 min at room temperature followed by careful washing in medium and incubation at 37 ~ C for about 4 h. The homokaryons were trypsinized and transferred to HEPES-buffeted medium. Small homokaryons (about 5 nuclei) were selected for the electrophysiological measurements of gap junction formation. Spheroid growth was started from monolayer cells cultured on petri dishes (untreated for bacteriology; Greiner) where interconnected cells could be detached without the use of trypsin simply by gently agitating the medium. These cells proliferated and formed spheroids when transferred to the spinner flasks with daily medium change and harvesting for up to 9 days.
Electron microscopy
Spheroids were washed twice in phosphate buffered solution, fixed with 2.5% glutaraldehyde in phosphate buffered solution for i h at room temperature and stored at 4 ~ C before they were rapidly frozen in liquid freon and freeze fractured in a Balzers BAF 301 instrument. Membranes were replicated by shadowing with Pt-C using an angle of about 45 ~ and stabilizing with a C-Film. Electron micrographs were taken with a Zeiss EM 10 microscope.
Electrophysiology
Electrical coupling was measured with high-impedance preamplifiers (WPI M 701 or M 750) and 3 M KC1 filled glass electrodes (Hilgenberg-Glas with inner filament) which had tip potentials < -5 mV and resistances of about 20 Mr2. The coupling capacity of the cells was determined by different methods: Current injection in a cell and registration of the resulting hyper-or depolarizing potential changes in the same and in attached cells; measurement of the input resistance of the cells; iontophoresis of the fluorescent dye Lucifer yellow into one cell and observation of the spreading of the dye into the coupled cells. The opening of gap junction pores at first cell contact between homokaryons has been followed by a high resolution method (Loewenstein et al. 1978) , using a Lock-in amplifier (Ithaco, Mod. 393). These measurements were performed with Leitz or Mfirzhfiuser micromanipulators under a Zeiss Standard 14 microscope equipped with differential interference contrast, phase contrast and fluorescence optics.
Results and Discussion
Cells in a multicell spheroid may be subject to a limited endogenous regulation with respect to radiosensitivity and intercellular communication. The coupled BICR/MIR-K cells are more radioresistant when grown as spheroids than as monolayers. Since coupled cells are more radioresistant than uncoupled cells (Dertinger and Hiilser 1981 ) the monotayer cells of BICR/MIR-K, therefore, should be less coupled than their counterparts in a spheroid. As can be seen from Fig. 1 the contrary is the case: the electrical coupling between cells in a spheroid decreases continuously until complete uncoupling occurs after 6-9 days. This is rather the result of a simultaneous reduction of the inner diameter of all gap (Fig. 2) whereas 2 days later the dye is retained in the injected cell (Fig. 3) . Interestingly, the proportion of gap junction plaques found between cells of spheroids did not vary with the age or size of spheroids (Figs. 4a and b) and gap junctions were also present in 9 days old spheroids, which are completely uncoupled (Fig. 4c) . These experiments demonstrate that in a regulating system the existence of ionic or metabolic coupling cannot necessarily be deduced from the morphological existence of gap junctions.
Gap junctions may close all their pores without disassembling these plaques and the pores can be reopened. Our preliminary experiments, using 200 rad X-rays (Siemens Gammatron), revealed a recoupling of the BICR/M1R-K cells in spheroids within 6-8 h after irradiation.
The question whether a gap junction opens its pores gradually or in a single step can only be answered with confidence when just a few pores are involved in the measurement, i.e., when a gap junction is formed between cells contacting each other for the first time. A gradual opening should lead to a gradual increase of the transmitted signal in the cell which couples to the one the electrical signal is applied to. In the other case a stepwise increase with equal quanta of the transmitted signal should be recorded, every step representing the complete opening of a pore, i.e., a stepwise increase in junctional conductivity. In order to obtain stable measurements these experiments were performed with homokaryons. The transmitted signal was detected by its amplitude and phase with a Lock-in amplifier, which was automatically tuned to the signal amplitude of about 17 Hz. The time between mechanical contact and onset of electrical coupling varied with temperature between 1 and 16 min. In contrast to the experiment of Loewenstein et al. (1978) using Xenopus embryos, no quantal increase of the signal amplitudes during the coupling of BICR/M1R-K homokaryons was resolved. Within the first minute of gap junction pore formation the signal amplitude increased by 1.17 + 0.07 ~tV, within the third minute this increment of coupling increased to 3.61 + 0.30 ~tV.
Our results support the belief that gap junctions between BICR/MIR-K cells in a spheroid gradually reduce their pore diameter when an endogenously regulated uncoupling occurs. Opening of the gap junction pores at first cell contact is probably also a gradual process.
